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ABSTRACT

The corrosion characteristics, dealloying susceptibility,
marine fouling characteristics and the response to cathodic
protection of seventeen copper alloys and unalloyed copper,
which served as a control, were studied in quiescent sea-
water.

Detailed examination after 735 days showed that several
alloys in the unprotected condition had severely corroded
either by deep localized attack or by dealloying. The
corrosion rates were determined; on the unprotected
specimens a maximum rate of 0.74 mils per year was observed.

Cathodic protection from *inc anodes reduced the corrosion
rate to essentially zero and prevented localized corrosion
except in Naval brass and Muntz metal where metallurgical
studies indicated that dealloying was not completely
prevented.

Histograms have been presented for the electrochemical
potentials of each specimen, and a galvanic series for the
copper alloys has been included. There was no correlation
between the electrochemical potentials and the type or
severity of corrosion.

The resistance of the copper alloys to marine fouling
varied widely. All unprotected specimens fouled to some
extent, whereas the cathodically protected specimens were
heavily fouled.

Status

This report completes one phase of the task; work is
continuing on other phases.

Authorization

NRL Probem No. 63M04-02.201
Task SF 51-542-602-12431
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INTRODU CT ION

There has always existed a continuing need for information on
the corrosion technology of various metals in seawater for use
by designers of marine equipment for ocean engineering appli-
cations. Copper alloys have been considered for seawater
applications because of their generally low corrosion rate
and their history of inherent resistance to marine fouling.
Some of the copper alloys, however, have been known to dealloy
in seawater, a corrosion phenomenon not readily detected in
service. Detection of dealloying can usually be made only
by metallographic examination.

Numerous investigators have reported data on the corrosion
characteristics of copper and its alloys in seawater (1-12).
Considerable data have been obtained at relatively high
seawater velocities, high temperatures, and low oxygen
concentrations because of the importance of copper alloys in
the construction of piping and pump components for heat
exchangers (13-20). The electrochemical potential data
previously reported for copper and its alloys have been
obtained at seawater velocities of 7.8-13 ft/sec (12, 21).
Experimental data on the effectiveness of electrochemical
technology (cathodic protection) in mitigating corrosion and
dealloying of copper alloys have been very limited (22, 23).

The corrosion resistance of copper and some copper alloys has
been reported as markedly affected by changes in seawater
velocity (24, 25). Some alloys were resistant to corrosion
at low velocity (26), but experienced accelerated corrosion
when the velocity was increased. In contrast, other copper
alloys were resistant at the higher velocities but showed
accelerated corrosion at lower velocities. Corrosion data
obtained under one velocity condition cannot be used at the
present time to predict the corrosion characteristics at
another velocity or in quiescent seawater.

Because of the continuing use of copper alloys in applications
involving relatively quiescent seawater, a broad spectrum of
copper alloys were studied at one location in the same exposure
condition. The alloys* studied and their chemical composition
are listed in Table 1. Data on the corrosion characteristics,
susceptibility to dealloying, marine fouling characteristics,
electrochemical potentials, and the response to cathodic
protection of copper and seventeen copper alloys after 735 days
immersion in quiescent seawater at Key West, Florida, have been
included in this report.

VCDA (Copper Development Association) identifying numbers (27)
have been used throughout this report.
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PROCEDURES

Duplicate specimens were prepared for each material.
Twenty-eight specimens measured 8 x 12 in. and eight
measured 6 x 12 in.; all specimens were approximately
1/16-in. thick.

The specimens were attached to painted aluminum exposure
racks with nylon bolts, nuts, and washers. All specimens
were electrically isolated from the racks with polyethylene
strips which also served to introduce an intentional crevice.
An insulated electrical test lead was attached to each specimen
so the electrochemical potential could be measured periodically
relative to a Ag/AgCl reference electrode. One specimen of
each material was exposed unprotected, and the second specimen
was provided with cathodic protection from a 1/2 x 1-1/4 x 6-in.
zinc anode bolted directly to the specimen.

All electrical connections that were submerged in seawater
were sealed with epoxy resin. The faying surface between the
anode and the specimen was not sealed. Less than 0.001 ohm
resistance between each anode and specimen was measured
before exposure and again at the conclusion of the experiment.
Prior to assembly, all specimens and anodes were solvent
cleaned and weighed to the nearest gram. Each specimen was
given a final solvent wipe immediately before exposure.

All specimens were suspended beneath a pier in quiescent,
but not stagnant, seawater at the Naval Research Laboratory's
Marine Corrosion Research Laboratory at Key West, Florida.
The seawater characteristics during the experiment were as
follows:

Temperature - 16.5 to 32.5 *C (62 to 90 0F)

Resistivity - 16 to 21 ohm-cm

pH - 8.1 to 8.4

After 399 days, the specimens were removed from the seawater,
and the unprotected specimens were photographed and inspected
for marine fouling. They were returned to the water within a
few minutes of their removal.

At the conclusion of the experiment, the unprotected specimens
were again photographed and inspected for marine fouling. The
gross marine fouling was removed from the specimens with a
high-pressure water jet (2 gpm at 500 psi). The specimens
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were chemically cleaned in HCl (1:1), rinsed in tap water, and
dried in air. The final weight of each specimen was measured
to the nearest gram, and the depth of attack was measured to
the nearest mil with a dial gage micrometer.

The parameters used to characterize the corrosion attack on
the materials in this study were:

1. The deepest attack associated with the intentional
crevice formed by the plastic mounting attachments.

2. The average value of the ten deepest points of
attack associated with the intentional crevice.

3. The deepest attack on the surface not associated
with the intentional crevice.

4. The average value of the ten deepest points of
attack on the surface not associated with the
intentional crevice.

5. The average corrosion rate in mils per year (mpy).

6. Metallographic examination - to determine the
resistance of each material to dealloying, e.g.,
dezincification,and to determine the effectiveness
of cathodic protection to prevent localized corrosion
and dealloying.

DATA AND DISCUSSION

Depth of Attack and Corrosion Rates

The depth of attack and corrosion rate data for copper and
the copper alloys have been shown in Table 2. All the un-
protected materials had low corrosion rates; the maximum
average rate observed was 0.74 mpy. The depth of attack
data, however, showed that some materials had relatively
severe localized corrosion.

The copper-nickel alloys which contained either 10 or 30
percent nickel and relatively low iron (CDA alloys 706 and
715) were most inherently resistant to pitting and crevice
corrosion. In contrast, the copper-nickel alloy which
contained 30 percent nickel and 5 percent iron (CDA alloy 716)
was corroded locally to a depth of 43 mils around the crevice.
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Under the quiescent seawater exposure conditions of this
experiment, the aluminum bronzes (CDA alloys 608, 612, and
614) were comparable to the copper-nickel alloys 706 and 715
with regard to resistance to pitting and crevice corrosion.

The depth of attack observed fo ' the other copper alloys
varied, as shown in Table 2. As a group the alloys containing
only zinc showed the most severe localized corrosion, this
being especially true when the alloy contained more than 15
percent zinc. There was no direct correlation between zinc
content of the alloy and the depth of localized corrosion,
although there appeared to be a trend showing that the higher
the zinc content the greater the corrosion rate.

The copper-cobalt-beryllium alloy (CDA alloy 175) showed
somewhat less depth of attack in crevices compared to the
copper-beryllium alloy (CDA alloy 172), and the corrosion
rate of CDA alloy 175 was approximately one-fifth of that
observed for CDA alloy 172.

The corrosion rate was highest for the high silicon bronze
A (CDA alloy 655), but the depth of localized corrosion was
considerably less for this alloy than for alloys such as
CDA alloys 260 and 268 which showed corrosion rates of less
than one-third the rate observed for alloy 655. This once
again points out the fallacy in assessing the usefulness of
an alloy soley on the basis of average corrosion rate.

The data in Table 2 also show that the most serious
corrosion occurred within the crevice area indicating thav
under our experimental conditions metal ion concentration
cells were not the controlling factor in crevice corrosion.

Dealloying (Metallographic Study)

The degree of dealloying and the effectiveness of cathodic
protection from a zinc anode to prevent dealloying in
quiescent seawater have been summarized in Figure 1. Photo-
micrographs at 75X and 500X magnifications (Figs. 2-21) show
the extent of dealloying observed for each copper alloy and
the effectiveness of cathodic protection for selected alloys.

The copper-beryllium (CDA alloy 172) and the copper-cobalt-
beryllium (CDA alloy 175) were susceptible to dealloying
(Figs. 2 & 3), out this dealloying was prevented by cathodic
protection.
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Commercial bronze, 90% (CDA alloy 220) and red brass, 85%
(CDA alloy 230) were not completely immune to dealloying as
shown in Figs. 4 and 5, respectively. Surprisingly, CDA
alloy 220 showed slightly more dealloying than CDA alloy 230.
These observations were not expected, because it has been
reported that the lower the zinc content in a brass the less
susceptible the alloy is to dezincific'.tion (9) and that
alloys containing less than 15-20% zinc are believed to be
immune to or rarely experience dezircification (28, 29) For
the copper alloys containing only zinc as an alloying
element (CDA alloys 220, 230, 260, 268, and 280) the present
data indicated it was preferable to keep the zinc content
below 15 percent (compare Figs. 4 and 5 with Figs. 6a, 7a,
8, 9a, and 10a), but this alone was not sufficient to
completely prevent dealloying. In the CDA alloy 280,
cathodic protection was also not sufficient to completely
prevent dealloying Pig. l0b) Admiralty brass inhibited
with arsenic (CDA alloy 443) was not completely immune to
dealloying (Fig. 11). Dealloying of this alloy was
prevented, however, with cathodic protection by a zinc
anode.

Naval brass (CDA alloy 464) showed considerable dealloying
(Figs. 12a and 13a) when not protected, and cathodic
protection from a zinc anode was not completely effective
in preventing dealloying, as shown in Fig. 13b. It is
interesting to note that other investigators had very dis-
appointing results with cathodic protection of Naval brass
by steel anodes or steel-sprayed water boxes (30).

Phosphor bronze, 10% D (CDA alloy 524) also showed some de-
alloying, Fig. 14, but this was prevented by cathodic
protection. Each of the aluminum bronzes studied (CDA
alloys 608, 612, and 614) showed only a small amount of
dealloying (Figs. 15b, 16b, and 18a), and this dealloying
was prevented by cathodic protection (Fig. 18b). High
silicon bronze A (CDA alloy 655) also showed some dealloying
(Fig. 19b), which was prevented by cathodic protection.

Copper nickel 30% Ni, 5% Fe (CDA 716) showed quite severe
corrosion (Fig. 20a) and some dealloying (Fig. 20b), both
of which were prevented by cathodic protection. Some
copper of an amorphous appearance was evident on the
surface of the unprotected copper specimen as shown in
Fig. 21b.

A small amount of dealloying was observed on CDA alloys 230,
443, 608, 612, and 614. These alloys possibly could be used
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unprotected for a two-year period in quiescent seawater, but
this would depend on the quantity of dealloying tolerable in
a specific application.

The two alloys (CDA alloys 280 and 464), in which cathodic
protection from zinc anodes was not completely effective in
preventing dealloying, dezincified at the faying surfaces of
the alloy and the zinc anodes which were mounted directly on
the copper alloys.

The selection of areas from which metallographic specimens
were taken was based on visual observations indicative of
dealloying, i.e., the specimens were sampled at locations
that had a coppery appearance. The location at which de-
alloying was observed varied with the alloy. For CDA alloys
260, 268, 612, 614, and 716 the location varied from the
crevice opening to inside the crevice. The remainder of the
alloys which showed this type attack were dealloyed outside
the crevice openirg. The observations that several alloys
dealloyed within the crevice did not support the often-
quoted statement that "copper alloys corrode outside the
crevices rather than within the crevices." These observations
are significant, because in the past it had generally been
conceded that metal ion concentration cells were principally
involved in the corrosion of copper alloys in the presence
of crevices and that areas outside the crevices would have
a lower concentration uf copper ions, thus be anodic and
corroded.

Electrochemical Potentials

The electrochemical potential of each specimen was measured
relative to a Ag/AgCl reference electrode with either a high
impedance electronic voltmeter or potentiometer. The
potential data obtained during the first 353 days of the
study for specimens without cathodic protection have been
plotted as a function of time in Figs, 22 through 25. The
potentials of specimens cathodically protected with zinc
anodes varied little during the same time interval. Within
the limits of error of the experiment, all protected specimens
were polarized to the same potential. Therefore, all
potential data for protected specimens were pooled (486
measurements) for analysis. The mean potential was -1.007
volts with a standard deviation of 0.021 volts.

Although galvanic series based on electrochemical potentials
are useful to the design engineer to appraise galvanic
compatibility in the absence of other more direct data, there

6



was great practical difficulty in arranging alloys into such
a series.

The criterion often used to prepare a galvanic series was
the mean potential. This would be quite adequate for an
alloy such as CDA alloy 268, yellow brass, which maintained
the same potential within a very narrow range over the whole
measuring period, but was hopelessly inadequate for an alloy
such as CDA 716, copper-nickel, 30% Ni, 5% Fe. The authors
have chosen to rank the alloys by preparing histograms of the
number of observations versus the observed potential (Fig. 26)
and ranking the alloys subjectively. The galvanic series
determined in this manner is shown in Table 3. The mean,
median, and standard dcV4ationsof the potential measurements
haw also been shown to lacilitate direct comparison with
data reported by other observers.

As inuicated above, it was extremely difficult to establish
a direct ranking because of the marked spread in the
potential data for some alloys. Our data indicated that
one would be unable to predict the more active alloy within
a galvanic couple, and that this might reverse from time
to time.

In general, the potentials reported in this paper were
somewhat more electropositive than the potentials reported
by others in seawater flowing at 8-13 ft/sec. (12). The
more positive potentials observed under quiescent exposure
conditions were not unexpected. In flowing seawater the
corrosion products, which would generally be more electro-
positive to the base alloy, would be much more readily
removed than under quiescent conditions. There was no
correlation between the electrochemical potentials of the
alloys studied and the type or severit. of corrosion
observed.

Marine Fouling Characteristics

The inherent ability of copper to resist marine fouling
has been recognized for many years. As early as 1761 the
British Admiralty took advantage of this characteristic
and used copper as an antifouling sheathing for wooden
ships; the characteristic is still of interest to the
materials engineer for the design of modern marine
apparatus. It has been reported that copper and copper
alloys to remain free of fouling must corrode to liberate
copper at a minimum rate of 5 mg/sq dm/day (mdd) (26, 31)
(about 0.8 mpy). The corrosion rates of the materials in
this study were less than the rate required to prevent
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fouling. As would be expected, therefore, none of the
alloys was completely free of marine fouling. The amount
of marine fouling on the specimens was visually estimated
after 399 and 735 days exposure. An arbitrary rating for
fouling resistance was used to assesseach specimen at
each of the inspection times. These data are summarized
in Table 4. The relative ease of removing the fouling has
also been indicated.

Marine fouling was attached to all unprotected specimens
to varying degrees. Unprotected yellow brass and Naval
brass were the most resistant to fouling. Specimens which
were cathodically protected did not corrode and therefore
did not resist fouling. Some alloys resisted fouling for
399 days but were relatively heavily fouled after 735 days
exposure. This behavior was probably the result of lower
corrosion rates with time as discussed earlier (26).

SUMMARY AND CONCLUSIONS

1. Seventeen copper alloys and unalloyed copper which
served as a control were exposed for 735 days in quiescent
seawater at Key West, Florida. Two specimens of each
material we:-e studied. One specimen was unprotected, and
the other was cathodically protected with a zinc anode.

2. All unprotected specimens had a low average corrosion
rate; the maximum observed was 0.74 mpy. Some specimens
had relatively severe localized corrosion. The maximum
depth of localized attack was 43 mils, and it occurred
near the crevice of the copper-nickel alloy which
contained 30 percent nickel and 5 percent iron (CDA alloy
716).

3. Contrary to expectations several alloys showed localized
corrosion and dealloyed within the crevices.

4. Low iron copper-nickels (CDA alloys 706 and 715) were
essentially immune to dealloying in quiescent seawater
even without cathodic protection.

5. Althou.a a small amount of dealloying was observed on
CDA alloys 230, 443, 608, 612, and 614, the present data
indicated that these alloys could possibly be used un-
protected for a two-year period in quiescent seawater.
Their practical usefulness in the unprotected conditions,
however, would depend on the quantity of dealloying
tolerable In a specific application.

8



6. The other copper alloys studied varied considerably
as to the amount of dealloying observed. CDA alloys 260,
268, 280, and 464 showed very severe dealloying.

7. Cathodic protection from a zinc anode was not
sufficient to completely prevent dealloying of CDA alloys
280 and 464, but was effective in preventing dealloying
and other corrosion observed on all other alloys studied.

8. A galvanic series for the copper alloys has been included
in this report. Because of the spread in the electrochemical
potentials observed it is difficult to predict for many of
the alloys when they would be anodic or cathodic to some of
the other copper alloys. The potentials observed in quiescent
seawater were more positive, however, than the potentials of
similar materials in flowing seawater reported by other
investigators.

9. Marine fouling was attached to all unprotected specimens
to varying degrees. Unprotected yellow brass and Naval
brass were the most resistant to fouling. All cathodically
protected specimens were heavily fouled,

ACKNOWLEDGMENT

The authors are indebted to Mr. C. W. Billow of the NRL
Marine Corrosion Research Laboratory, Key West, Florida,
for his assistance in conducting the exposure phase and
to Mr. T. R. Harrison, Jr., for his assistance with the
metallographic phase of this study. The assistance of
Messrs. L. D. Alspach, G. Angeletti, and J. A. Rhodes of
The Brush Beryllium Corporation and Messrs. R. D. Burr
(retired) and D. M. McCue (formerly) with the Anaconda
American Brass Company is acknowledged for supplying
specimens for this study at no cost to the Government.
This research was supported '3y the Naval Ship Systems Command.

9



REFERENCES

1. W. H. Bassett and C. H. Davis, "Corrosion of Copper
Alloys in Seawater," Trans. Am. Inst. Mining and Met.
Engr., 71:745-783 (1925)

2. F. L. LaQue, "Behavior of Metals and Alloys in Sea Water,"
Corrosion Handbook, John Wiley and Sons, Inc., New York,
New York (1948) 383-430

3. C. R. Southwell, C. W. Hummer, Jr., and A. L. Alexander,
"Corrosion of Metals in Tropical Environments, Part 7-
Copper and Copper Alloys," NRL Report 6452, Oct. 1966

4. C. R. Southwell and A. L. Alexander, "Corrosion of
Metals in Tropical Environments-Nickel and Nickel-
Copper Alloys," Materials Protection, 8(No. 3):39-44
(1969)

5. C. V. Brouillette, "Corrosion Rates in Port Hueneme
Harbor," Corrosion 14(No.8):352t-356t (1958)

6. F. M. Reinhart, "Corrosion of Materials in Hydrospace,"
Naval Civil Engrg. Lab. Technical Report R 504, Dec. 1966,
77-90

7. J. R. Hunt and M. D. Bellware, "Ocean Engineering Requires
Copper-Nickel Alloys," Trans. of the Third Annual Marine
Technology Society Conference, pp. 243-275, San Diego,
California, June 5-7, 1967

8. F. L. LaQue and A. H. Tuthill, "Economic Considerations
in the Selection of Materials for Marine Applications,"
Trans. of the Society of Naval Architects and Marine
Engineers 69:619 (1961)

9. T. H. Rogers, "The Marine Corrosion Handbook," McGraw-
Hill Company of Canada, Ltd, New York, New York (1960)

10. P. F. A. Robinson and M. Shalet, "The Dezincification of
Brass," Corr. Tech., 11 (No. 4):11-13 (1964)

11. L. Kenworthy and W. G. O'Driscoll, "Dezincification of
Brasses in Marine Environments," Corr. Tech., 2 (No. 8):
247-249 (1955)

10



12. A. D. Rust, "Corrosion Problems on Texas Gulf Coast,"
Part 2, Corr. Tech., 3 (No. 6):185-190 (1956)

13. H. A. Todhunter, "Sea Water Exposure of 70-30 Cupro
Nickel Surface Condensers," Corrosion, 16 (No. 5):
226t-228t (1960)

14. H. A. Todhunter, "Condenser Waterbox Service -
Performance of Cu-Ni Clad Boxes in Sea Water," Materials
Protection, 6 (No. 7):45-46 (1967)

15. F. W. Fink, "Alloys for Sea Water Conversion, Copper-
Base Alloys for Heat Exchange Equipment," Materials
Protection, 6 (No. 5):40-43 (1967)

16. C. F. Schrieber, 0. Osborn, L. Rice, and F. H. Coley,
"Behavior of Metals in Desalination Environments -
Second Progress Report," Proc. 25th Conf., National
Association of Corrosion Engineers, Houston, Texas
(1970) 332-338

17. C. F. Schrieber, 0. Osborn, and F. H. Coley, "Corrosion
of Metals in Desalination Environments," Materials
Protection, 7 (No. 10):20-25 (1968)

18. D. A. Perry and J. M. Kelso, "A Discussion of Cupro-
Nickel Heat Exchangers in Sea Water Service," Proc.
25th Conf., National Association of Corrosion
Engineers, Houston, Texas (1970) 324-329

19. A. H. Tuthill and D. A. Sudrabin, "Why Copper-Nickel
Alloys for Desalination," ASM Technical Report No.
C 6-20.3, American Society for Metals, Metals Park,
Ohio (1966)

20. W. L. Williams, "Aluminum Bronze for Marine Applications,"
J. Amer. Soc. Naval Engrs., 69 (No. 3):453-461 (1957)

21. A. H. Tuthill and C. M. Schillmoller, "Guidelines for
Selection of Marine Materials," Journal of Ocear
Technology, 2 (No. 1):6-36, (1967)

22. J. T. Crennell and L. J. E. Sawyer, "Cathodic Protection
Against Dezincification," J. Applied Chem. 12 (No. 4):
170-173 (1962)

11



23. J. C. Rowlands, "Electrochemical Aspects of Preferential
Phase Corrosion in Complex Alloys," Corr. Scienqe, 2
(No. 2):89-94 (1962)

24. D. H. Osborn and D. A. Sudrabin, "Copper Brase Alloys:
The Logical Choice for Marine Structures and Equipment,"
Proc. 25th Conf., National Association of Corrosion
Engineers, Houston, Texas (1970) 318-323

25. H. R. Copson, "Effects of Velocity on Corrosion,"
Corrosion, 16 (No. 2):86t-92t (1960)

26. C. L. Bulow, "Use of Copper Base Alloys in Marine
Services," Naval Engineers Journal, p. 470 (June 1965)

27. Standards Handbook, "Wrought Copper and Copper Alloy
Mill Products, Part 2 - Alloy Data," (Sixth Edition)
Copper Development Association Inc., New York,
New York (1968)

28. R. Heidersback, "Quarterly Report - Clarification of
the Mechanism of the Dealloying Phenomenon," Corrosion,
24 (No. 2):38 (1968)

29. T. H. Rogers, "Marine Corrosion," George Newnes Ltd.,
London (1968)

30. J. C. Rowlands, "Preferential Phase Corrosion of Naval
Brass in Sea Water," Proc. Second International Congress
on Metallic Corrosion, National Association of Corrosion
Engineers, Houston, Texas (1966) 795-800

31. W. B. Brooks, "Sea Water - Its Use as an Industrial
Coolant," Materials Protection 7 (No. 2):24-26 (1968)

12



1. j
0 I I I I I I I t I

VIi+ o J .. . . .. . . . .

83 03

0q U I I I I I I I I I I I

N ' I I I I

I It 1°
m 

U

ob ; ..... ... ..o ro

- -8o

5 . o I I I

o~~w so 0 0 0

IN.

• . .; .* • . -. • ,

:~~ ~ ;f NSA'l ""Wl l]ai~l Am,, IV+ ta ,;

r r '

13

I I i IMO N O



e0 0 0 .0 4

a U VVQ
o 0 a

0 aa

.. 0 0 0
00 V 9 00 -

eq -'v 0'02

Ci 0 o

0 O 0 -oo

a 0 o1 NO~b

o4 1,0 ua.

.4~ ~ PVS - O z

00 0' 0 4

c .4 zoo 0 00 .

Ia . I. ..SUm u. &
I.~1 - Ve I ~4 0 -

14



Table 3

Galvanic Series - Copper Alloys(1)
353 Days Quiescent Seawater

Key West, Florida

Electrochemical 
Potential

Alloy to Ag/AgCl (Volts,- Negative)
Name CIDA No. Median Mean ') Std.Dv.

Noble Copper-Nickel,30% Ni, 716 0.111 0.115 0.075
(N todic) 5% Fe

End
Phosphor Bronze, 10% D 524 0.144 0.148 0.038

Copper-Beryllium 172 0.196 0.181 0.042
Copper-Nickel, 30% 715 0.200 0.199 0.013
Copper -- 0.200 0.199 0.043
High Silicon Bronze A 655 0.204 0.204 0.015
Aluminum Bronze, D, 7% Al, 614 0.209 0.180 0.056

2% Fe
Copper-Cobalt-Beryllium 175 0.215 0.211 0.021
Yellow Brass, 66% 268 0.220 0.217 0.012
Cartridge Brass, 70% 260 0.222 0.222 0.010
Admiralty, Arsenical 443 0.223 0.217 0.018
Aluminum Bronze, 5% Al 608 0.226 0.228 0.018
Aluminum Bronze, 9% Al 612 0.232 0.230 0.014
Copper-Nickel, 10% 706 0.233 0.236 0.036
Naval Brass, Uninhibited, 464 0.235 0.235 0.015

Grade A
Commercial Bronze, 90% 220 0.235 0.235 0.023

Red Brass, 85% 230 0.273 0.270 0.058

Ignoble Muntz Metal, 60% 280 0.331 0.321 0.030

End)

MC 320
Notes:

(1) Data were pooled (486 measurements) for specimens cathodically
protected with zinc anodes. The mean potential was -1.007 volts
to the Ag/AgCl reference electrode with a standard deviation of
0.021 volts.

(2) The mean of twenty-seven measurements for each specimen.
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Table 4

The Fouling Resistance of Copper and Copper
Alloys After 399 Days and 735 Days in
Quiescent Seawater at Key West, Florida,

Without Cathodic Protection

Alloy Fouling Resistance(1 )

Name CDA No. 399 Dzys 735 Days

Copper -- Best Intermediate(-)

(2)
Copper-Beryllium 172 Best Intermediate(

(4)
Copper-Cobalt-Beryllium 175 Least Least

Commercial Bronze, 90% 220 Least Least
(4 )

Red Brass, 85% 230 Least Intermediate
(4)

Cartridge Brass, 70% 260 Best Intermediate
( 2 )

Yellow Brass, 66% 268 Best Best(
2)

~(5)Muntz Metal, 60% 280 Intermediate Least'

Admiralty, Arsenical 443 Best Least 
(2 )

Naval Brass, Uninhibited,(Grade A) 464 Best Best(2)

Phosphor Bronze, 10% D 524 Intermediate Intermediate(2)

Aluminum Bronze, 5% Al 608 Least Leas 4 )

(3)
Aluminum Bronze, 9% Al 612 Intermediate Intermediate

Aluminum Bronze D, 7% A1, 2% Fe 614 Intermediate Intermediate
(4 )

High Silicon Bronze A 655 Best Least (2 )

(3)
Copper-Nickel, 10% 706 Intermediate Intermediate

Copper-Nickel, 30% 715 Intermediate Intermediate 
3 )

Copper-Nickel, 30% Ni,5% Fe 716 Least Least

Notes: MC321

(1) The Relative fouling resistance of the alloys at the length of
exposure indicated. "Best" indicates slight fouling and "least"
complete fouling.

(2) Fouling was completely and easily removed from these alloys by
pressure washing (2 gpm at 500 psi).

(3) A slight amount of hard fouling remained on these alloys after
pressure washing.

(4) A moderate amount of hard fouling including some barnacles
remained on these alloys after pressure washing.

(5) These alloys were almost completely covered with hard fouling
and some barnacles after pressure washing.
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MC-273

MC-274

Fig. 2 - CDA alloy 172 (copper-beryllium). Sampled near crev-
ice; 735 days in quiescent seawater at Key West Florida. Etched

(O.5%CrO3 , 1 volt, 30 seconds). a) 75X mag-ification; b) 500X
magnification.

18



MC-275

MC-276

Fig. 3 -CDA alloy 175 (copper-cobalt-beryllium). Sampled just
outside crevice; 735 days in quiescent seawater at Key West,
Florida. Etched (O.5%CrO 3,1 Ivolt, 30 seconds). a) 75X magnifi-
cation; b) 500X magnification.

19



MC-277

Fig. 4 - CDA alloy 220 (commercial bronze, 90%). Sampled near
crevice; 735 days in quiescent seawater at Key West, Florida.
Etched (NH 4 OH-5 parts, H2 0-5 parts, 3%H2 02 -2 parts, 30 sec-
onds). a) 75X magnification; b) 50OX magnification.
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(a)

MC-2?9

(b)

Fig. 5 - CDA alloy 230 (red brass, 85%). Sampled at specimen
center, i.e., remote from the crevice; 735 days in quiescent
seawater at Key West, Florida. Etched (NH 4 OH-5 parts, H2 0-
5 parts, 3%H2 0 2 -2 parts, 30 seconds), a) 75X magnification; b)
500X magnification.
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(a)

MC-281

(b)

MC-282

Fig. 6 - CDA alloy 260 (cartridge brass, 70%). a) No cathodic
protection, sampled at crevice opening; b) cathodic protection-
zinc anode, sampled under zinc anode; 735 days in q u i e s c e n t
seawater at Key West, Florida. Etched (NH 4OH-5 parts, H20-5
parts, 3%H202-2 parts, 30 seconds). 75X magnification.
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Ib)

MC-284

Fig. 7 - CDA alloy 260 (cartridge brass, 70%. a) No cathodic
protection, sampled at crevice opening; b) cathodic protection-
zinc anode, sampled under zinc anode; 735 days in q u i e s c e n t
seawater at Key West, Florida. Etched (NH 4 OH-5 parts, H2 0 -5
parts, 3"H202-2 parts, 30 seconds). 500X magnification.

23



MC-28

MC-285

Fig. 8 - CDA alloy 268 (yellow brass, 6610). Sampled in crevice;
735 days in quiescent seawater at Key West, Florida. E tc he d
(NH4 OH-5 parts, H2 0-5 parts, 3%H2 02 -2 parts, 30 seconds). a)
75X magnification; b) 50OX magnification.
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(a)

MC-287

, 7'

MC-288

Fig. 9 -CDA alliy 280 (Muntz metal, 60%). a) No cathodic pro-
tection, sampled near crevice (30-second etch); b) c at hod ic
protection-zinc anode, sampled under zinc anode ( 5-B e c on d
etch); 735 days In q uie sc e nt seawater at Key West, Florida.
Etched (NH4 OH-5 parts, H2 0-5 parts, 3%H2 02 -2 parts). 75 X
magnification.
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MdC-29

()

Fig. 10 - CDA alloy 280 (Muntz metal, 60%). a) No cathodic protec-
tion, sampled near crevice (30-second etch); b) cathodic protection-
zinc anode, sampled under zinc anode (5-second etch); 735 d a y s in
quiescent seawater at Key West, Florida. Etched (NH 4 OH-5 p a r t s.
H20-5 parts, 3% H202-2 parts). 50OX magnification.
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(a)

MC-29t

MC-9

Fig. 11 -CDA alloy 443 (Admiralty, arsenical). Sampled just outside
crevice; 735 days in quiescent seawater at Key West, Florida. Etched
NH 4 OH-5 parts, H2 0-5 parts, 3%H2 02 -2 parts, 30 seconds). a) 75X
magnification; b) 50OX magnification.
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(a)

MC-293

(b)

MC-294

Fig. 12 - CDA alloy 464 (Naval brass, uninhibited, Grade A). a) No
cathodic protection, sampled near crevice; b) cathodic protection -

zinc anode, sampled under zinc anode; 735 days in quiescent sea-
water at Key West, Florida. Etched (NH4OH-5 parts, H20-5 parts,

3%H2 0 2 -2 parts, 30 seconds). 75X magnification.
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-MC-295

(b)

Fig. 13 - CDA alloy 464 (Naval brass, uninhibited, Grade A). a) No

cathodic protection, sampled near crevice; b) cathodic protection -
zinc anode, sampled under zinc anode; 735 days in quiescent sea -
water at Key West, Florida. Etched (NH4 OH-5 parts, H2 0-5 parts,
3%H2 0 2 -2 parts, 30 seconds). 50OX magnification.
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MC-297

MC-298

Fig. 14 - CDA alloy 524 (phosphor bronze, 10% D). Sampled just out-
side crevice; 735 days in quiescent seawater at Key West, Florida.
Etched (K 2 Cr 2O7 -2 g, H2 S0 4 -8 ml, NaCi saturated solution-4 ml,
H2 0-100 ml; all diluted with 2 vol H2 0, 15 seconds). a) 75Xmnagnlfi-
cation; b) 50OX magnification.
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(a)

MC- 299

MC-300

Fig. 15 - CDA alloy 608 (aluminum bronze, 5% Al). Sampled outside
crevice; 735 days in quiescent s e a wa ter at Key West, Florida.
Etched (NH 4OH-5 parts, H2 0-5 parts, 3%H2 02 -2 parts, 30 seconds).
a) 75X magnification; b) 50OX magnification.I
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(aO

MC-301

- MC'3I

Fig. 16 -CDA alloy 612 (aluminum bronze, 9%A 1). Sampled at crev-
ice opening; 735 days in quiescent seawater at Key WVest, Florida.

Etched (NH4 QH-5 parts, H2O-5 parts, 3%H2 02 -2 parts, 30 seconds).

a) 75X magnification; b) 50OX magnification.
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NOT REPRODUCIBLE

I r4

(a)

-&~,- C-303

MC-304

Fig. 17 -CDA alloy 614 (aluminum bronze, D, 7% Al, 2% Fe). a) No
cathodic protection, sampled at crevice opening; b) cathodic protec-
tion-zinc anode, sampled in crevice; 735 days in quiescent seawater
at Key West, Florida. Etched (0.5%CrO3 , 1 volt, 1 m in ut e). 75X
magnification.
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MC-305

MC-306

Fig. 18 -CDA alloy 614 (aluminum bronze, D, 7% A 1, 2% Fe). a) No
cathodi3 protection, sampled at crevice opening; b) cathodic protec-
tion-zinc anode, sampled in crevice; 735 days in quiescent seawater
at Key West, Florida. Etched (O.5%CrO 3 , 1 volt, 1 m in u te). 500OX
magnification.
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(a)

MC -307

P"b

MC-308

Fig. 19 -CDA alloy 655 (high silicon bronze 4.Sampled outside
crevice; 735 days in quiescent s ea wa t er at Key West, Florida.
Etched (K2 Cr 2 Q7 -2 g, H2 S0 4 -8 ml, NaCi saturated solution-4 ml,
H2 0-100l ml; all diluted with 2 vol H2 0, 10 seconds), a) 75Xmag-
nification; b) 50OX magnification.
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C-,

MC-309

MC-310

Fig. 20 -CDA alloy 716 (copper nickel, 30% Ni, 5% Fe. Sampled
at crevice opening; 735, days in quiescent seawater at Key West,
Florida. Etched (K2 Cr 2 O7 -2 g, H2 S04 -8 ml, NaCi saturated
solution - 4 ml, H2 0-100 ml; all diluted with 2 vol H2 0, 15 sec -

onds). a) 75X magnification; b) 50OX magnification.
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N4OT REPRODUCIBLE

1(a6

MC-311

Fig. 21 -Coppr Sampled in crevice; 735 days in quiescent sea-
water at Key West, Florida. Etched (NH4 OH-5 parts, H2 0-5 parts,
3%H2 02 -2 parts, 30 seconds). a) 75X magnification; b) 500X
magnification.
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